Abstract: This study aimed to investigate the changes of histomorphology and bone mineral density (BMD) change in different parts of ovariectomized osteoporosis rats. The six-month SD rats were randomly divided into the sham operation group and operation group, each consisting of 30 rats and an osteoporosis model was established by bilateral ovariectomy. The rats were harvested at 8 weeks, 12 weeks and 16 weeks after operation. The changes of bone morphology were observed by Masson staining on lumbar spine 3-5, right tibia and femur. BMD was measured at lumbar spine, left tibia and femur by Dual Energy X-ray Absorptiometry (DXA). Compared with sham operation group, the trabecular bones of the model group were sparse, irregularly arranged, unevenly distributed, the trabecular bone spacing was enlarged. A significantly increased amount of lipid droplets in the medullary cavity. The bone mass changes were most significant at 16 weeks after operation, reflected by the significant trabecula loss in the proximal tibia and distal femur, while in distal tibia and lumbar spine trabecula loss is less significant; BMD declines in all the four parts (P<0.01) and the differences in BMD, in descending order, are the proximal tibia, distal femur, proximal femur, and lumbar spine. In ovariectomized rats, the most sensitive areas to bone mass change are the proximal tibia and distal femur, which are major weight-bearing bones; non-weight-bearing areas show the most significant trabecula loss, and there is a positive correlation between the degree of trabecula loss and lipid accumulation in the medullary cavity, which makes non-weight-bearing areas optimal for osteoporosis research on postmenopausal rats.
Introduction
Caused by a variety of factors, osteoporosis is a systemic metabolic bone disease including reduced bone mass per unit volume, bone microarchitecture degeneration, bone mineral density decline, and increased bone fragility, which leads to a higher risk of fracture 1, 2) . PMOP is a more common form of osteoporosis 3, 4) . As a result of the rapidly aging population, PMOP gradually increases 5) . With fracture-induced deformity and disability as the most common serious complications 6, 7) and involving a huge number of sufferers and expensive medical treatment, it seriously decreases quality of life in older adults and poses a major burden on their families and the society 8, 9) . Therefore, the prevention and treatment of PMOP have been a focus of relevant studies, while postmenopausal osteoporosis animal model serves as a basis for conducting such studies. As a classic method to create the postmenopausal osteoporosis model 10, 11) , bilateral ovariectomy in rats has been a preferred choice of most researchers. Varying degrees of bone density decline have been found in different areas of ovariectomized rats. However, bones of quadrupedal-walking rodents actually differ in weight bearing from upright walking humans, plus that different areas are observed in different osteoporosis studies [12] [13] [14] [15] , leading to a low probability for replication and comparison. For this reason, this study built a postmenopausal osteoporosis model through ovariectomizing rats and collected bones from proximal femur, distal femur, proximal tibia, and lumbar spine in three periods respectively (8/12/16 weeks after the ovariectomy) to observe changes of different areas in bone morphology and density as well to identify areas sensitive to changes in bone mass and tissue structure, aiming to provide guidance for future experiments of postmenopausal osteoporosis research.
Materials and Methods

Animals
sixty SPF SD female rats of three months, non-pregnant, without offspring, weighing (240±10) g, purchased from Shanghai Yukun Experimental Animals Co., Ltd.(Shanghai, China) under licence No. SCXK (Shanghai) 2016-0003; 10 clean SD female rats of three months, non-pregnant, without offspring, weighing (240±10) g (Shanghai, China). The study was approved by the Animal Care and Use Committee of Fujian Academy of Traditional Chinese Medicine (protocol number: SYXK (Fujian) 2016-0005).
Main reagents and instruments
Pentobarbital sodium (Sigma-Aldrich, St Louis, USA), paraformaldehyde (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), ponceau (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), fuchsin acid (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), Phosphomolybdic acid hydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), fast green (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), Automatic tissue processor (Yaguang, ZT-14V2, Xiaogan, China), Embedding Center (Yaguang, YB-7LF, Xiaogan, China), Fully Automated Rotary Microtome (Leica, RM2255, Heidelberg, GER), Slide digital scanner (3D Histech, Pannoramic 250, Pannoramic MIDI, Budapest, HUN), Dual-energy X-ray scanner (Hologic, Discovery WS/N 89006, Boston, USA).
Experimental design
After being raised to 6 months, the SD rats were randomly divided into two groups: the sham operation group and operation group, each consisting of 30 rats. Bilateral ovariectomy was conducted to establish the postmenopausal osteoporosis model 16) . The rats were fed with water only and weighed one day before the operation. After anesthesia was done by injecting 2% pentobarbital sodium (0.2 ml/100 g) into the abdominal cavity, the rats were immobilized in the supine position and then shaved. A 1.5 cm incision was made on the midline of the abdomen. Then the abdomen was opened along the linea alba to find pink mulberry-shaped ovaries along the Y-shaped uterus. Ligation was done and ovaries were removed completely. After layer-by-layer suturing, 80,000 units penicillin was delivered through intramuscular injection for three days. The same methods were used in the sham operation group to remove the equal amount of adipose tissue near the ovaries. Samples were collected for three times in the 8th, 12th, and 16th week after the operation. The rest 10 female rats were raised to 24 months, without being intervened.
Pathological observation
The right tibiae, femur, and Lumbar spine 3-5 were collected and fixed in 4% paraformaldehyd at room temperature for 48 hours. Then the samples were decalcified with 10% EDTA (pH 7.2-7.4), which was replaced every 3 days. After 6 weeks of decalcification at room temperature, when there was no resistance during knifing, the samples were washed with water, soaked with 70% ethyl alcohol for 1 hour, 80% ethyl for 1 hour, 90% ethyl for 1 hour, 95% ethyl for 1 hour, anhydrous ethanol I for 30 minutes, anhydrous ethanol II for 30 minutes, anhydrous ethanol III for 1 hour, xylene I for 15 minutes, xylene II for 25 minutes, paraffin I for 20 minutes, paraffin II for 20 minutes, and paraffin III for 40 minutes, and paraffin-embedded.
To ensure consistency, the slices were cut at the center of the samples, coronally in the tibia and femur and sagittally in the lumbar spine. The 4 μm serial sections were heated in 60 degrees Celsius for 2 hours, dewaxed and put into water. Then they were fixed in Bouin's Fluid for 1 hour, washed with water until they became colorless, transferred to 10% ponceau staining solution for 10 minutes, separated colors with 1% phosphomolybdic acid hydrate, observed under the microscope, and fixed in 1% fast green staining solution for 1 minute. Then the slides were mounted using neutral balsam and scanned panoramically in the bright field to observe changes in bone morphology.
Bone mineral denisty measurement
First, the muscles and soft tissue on the proximal tibia and femur were removed as far as possible and the rest were wrapped in saline-wetted gauze for storage. Then dual-energy X-ray scanner was set to animal scanning mode. After the selection of ROI area, the bone density of the samples were read and the results printed out.
Statistical analysis
Results are represented as the mean ± standard deviation and analyzed by using the SPSS 20.0 for Windows. Initial data followed normal distribution in the two groups was tested with Independent Samples T Test and non-normal data were verified with Non-parametric Testing. P <0.05 was considered statistically significant.
Results
Masson staining
After Masson staining, in the sham operation group it can be seen that under the epiphyseal line (marked in a black arrow), trabeculae are orderly, evenly distributed and closely spaced, interconnected to form a network, no obvious aggregation has been discovered in the medullary cavity. In contrast, samples in the operation group have sparse, disordered, unevenly distributed trabeculae with widened space and points of fracture, and a significantly increased amount of lipid droplets are observed in the medullary cavity. After the bilateral ovariectomy, the degree of trabecula loss increases with time, but in the same period the loss varies in different areas of the rats.
The proximal femur has a low level of bone loss: in the 8th and 12th week after the operation, trabecula loss is not significant and in the 16th week trabecula loss and a small amount of lipid droplets in the medullary cavity were found (Fig.1) . Bone loss in the distal femur is significant: in the 8th week after the operation, an obviously loose and porous structure was observed in the samples and the degree increases over time; areas of trabecula loss spread from the center of the medullary cavity to the cortex of both sides, with an accumulation of lipid droplets (Fig.2) . Proximal tibial bone loss is also significant, similar to the situation of the distal femur: areas of significant trabecula loss spread from the center of the medullary cavity to the cortex of the fibula side, with a large accumulation of lipid droplets (Fig.3) . Lumbar spine bone loss is less significant: areas of trabecula loss spread from the center of the centrum to the disks of both sides, with a small quantity of lipid droplets (Fig.4) . In the 16th week after the operation, for instance, bone loss is significant in the distal femur and proximal tibia and not significant in the proximal femur and lumbar spine.
BMD
In the 16th week after the operation bone loss is the most significant. If we look at both groups in this period, it can be found that compared with the sham operation group, bone density declines in all the four areas, and the differences have a statistical significance. The differences with the sham operation group, in descending order, are the proximal tibia, distal femur, proximal femur, and lumbar spine, which is basically consistent with the results from Masson staining ( Table 1) .
24-month natural aging rats masson staining
Sparse, fractured, disordered trabeculae can be seen in all the four areas. Trabecula loss is not severe in the epiphyseal line under the proximal femur and there is less lipid accumulation. Both trabecula loss and lipid accumulation are significant in the lumbar spine. Trabecula loss in the distal femur and proximal tibia is most severe and there is a significant lipid accumulation. Bone tissue change of natural aging rats is similar to that of ovariectomized rats in all the four areas (Fig.5) . Discussion PMOP is a high bone transformation osteoporosis. It is a systemic bone disease that generally develops in women after menopause when the ovaries decline in function and the amount of estrogen decreases, causing overactive bone resorption and imbalanced bone remodeling and further leading to reduced bone mass, destroyed bone microstructure, increased bone fragility, and a higher risk of fracture 17) . The bone remodeling threshold is 200 microstrains. Due to the sharp decline in estrogen level after menopause, the threshold increases by around 30%, activation frequency significantly rises, bone resorption exceeds bone formation, newly formed osteon shows negative balance, and total bone mass reduces 18, 19) . Bilateral ovariectomy in female rats is one of the most commonly used animal model during research, which can satisfactorily simulate the pathological state of PMOP and is widely employed in research on the efficacy and mechanisms of anti-osteoporosis drugs 20, 21) .
DXA is the gold standard diagnostic procedure used to detect primary osteoporosis. At axial bones and/or 1/3 of nondominant distal radius, when bone density T score is above -1SD, bone mass is considered to be at normal level, while -2.5SD≤T<-1SD suggests low bone mass, and T<-2.5 is classified into osteoporosis. T<-2.5SD accompanied by fracture of one site or more suggests serious osteoporosis [22] [23] [24] . Yet BMD change cannot fully reflect changes in bone strength. Quantitative computed tomography (QCT) allows us to obtain three-dimensional data on the density and morphological structure of cancellous bones and cortical bones to realize three-dimensional structure analysis. By detecting the density of cancellous bones, QCT can reflect more accurately the metabolism change of osteoporosis than DXA do 25, 26) . In Expert Consensus on 29, 30) , but the high cost prohibits its widespread use. At present there is no approach to directly measure bone quality and in most cases BMD measurement is used as a surrogate. Hence basic research on osteoporosis mostly performs a comprehensive analysis of BMD and morphology.
Bone morphology can show clearly the amount, thickness, spacing, and structure of trabeculae, the amount and distribution of osteoblasts and osteoclasts, as well as changes in the medullary cavity and cellular contents, which, when combined with tetracyclin and calcein, can dynamically analyze the mineral apposition rate and bone formation rate 31, 32) and accurately reflect the quality of bone structures. Nonetheless, it has two disadvantages. First, it observes a rather limited range, for the higher magnification of the objective lens is, the smaller the bone tissue areas can be presented under the lens, which easily leads to errors in analysis. Thus low power objective lens should be used first to observe samples in large areas, or slide scanning be employed to produce panoramic digital sections that can support observation from 1× to 400× to reduce information loss of the sections and avoid objective deviation caused by the analyzing different areas. Second, as the sections to be observed are two-dimensional, the sections of different samples are required to be cut at similar sites so as to enhance the reliability of comparative analysis and to avoid objective deviation caused by analyzing varied areas. Taken together, it is recommended that low-power whole slide imaging of similar sites be used for osteoporosis sections, in order to more reliably reflect the structural changes of bone tissue, and measurement results from DXA and QCT be considered together for comprehensive analysis. In physiological state, there are differences in bone tissue between different regions of skeleton, such as trabecular bone structure, bone mineral density and bone tissue mechanics. The loss of bone mass in osteoporosis resulted in the redistribution of lost bone tissue, which aggravated the heterogeneity of bone tissue in different regions. The spine, as the axial bone in upright-walking humans, bears most of the weight especially the lumbar spine. Yet for quadrupedal-walking rodents, the lumbar spine mainly receives stress of muscle contraction, while the femur and tibia receives extra stress from load-bearing. Moreover, the cortical bone of rats lacks Haversian system, the activity of bone remodeling is low, and the change of bone mass is not significant. The sensitive area of bone mass change is cancellous bone. Therefore, the abundant area of cancellous bone mass in rats was observed in this study. The experiment in this study selects the 8th, 12th, and 16th week after the bilateral ovariectomy to compare the changes in bone morphology and density at the proximal femur, distal femur, proximal tibia, and lumbar spine respectively, aiming to find areas in postmenopausal osteoporotic rats that are sensitive to bone mass changes. The results show that the degree of trabecula loss in the same area increases over time after the ovariectomy and in the 16th week bone loss is the most significant. In the same period the loss varies in different parts of the rats-the differences in bone density, in descending order, are the proximal tibia, distal femur, proximal femur, and lumbar spine. Results from Masson staining are consistent with that from bone density measurement. Moreover, a positive correlation has been found between the degree of trabecula loss and lipid accumulation. The bone mass change and lipid accumulation in the cavity of 24-month naturally aging rats are consistent with rats after bilateral ovariectomy. The laboratory findings show that unlike humans, areas in rats that are sensitive to osteoporosis bone mass changes are major weight-bearing bones: proximal tibia and distal femur.
Different degrees of stress received by different areas of the same bone determines that trabeculae are not evenly distributed, which is more typical in bones bearing a major physiological load. The laboratory findings show that at the proximal tibia, areas of significant trabecula loss spread from the center of the medullary cavity to the cortex of the fibula side and at the distal femur bone loss is the most significant in the center of the medullary. Trabecula loss starts from bones that function the least, namely, the non-weight-bearing areas, and the weight-bearing areas degenerate slowly and lose the least amount of trabeculae. In the same bone, non-weight-bearing areas are more sensitive to bone mass change than weight-bearing areas. Bones form the optimal structure to ensure the most basic weight-bearing and to delay or prevent fractures. In this experiment, trabecula redistribution in osteoporosis is in agreement with Wolff's law 33, 34) , which states that bone's form follows its function . Every change in the form and function of bone, or of their function alone, is followed by certain definite changes in their internal architecture and equally definite secondary alteration in their external confor mation, in accordance with mathematical laws 33, 34) . More specifically, bone adjusts its geometrical shapes and internal architecture to achieve the maximum bearing capacity with the optimal shapes and structure and minimum mass [35] [36] [37] [38] [39] . When the loading increases, it changes accordingly to adapt to the situation with with the optimal shapes and structure. Through continuous remodeling and optimization, bone tissue maintains the dynamic balance structurally and functionally 40) . Bone marrow mesenchymal stem cells (BMSCs) are derived from mesoderm and capable of self-renewal and multidirectional differentiation. It can differentiate into chondrocyte, osteocyte, adipocyte, hepatocyte and other cells under different induction conditions. The number and activity of BMSCs play a vital role in promoting bone formation, maintaining bone mass and enhancing bone mineral density 41) . Normally, BMSCs have the same potential to differentiate into osteoblasts and adipocytes. However, in some diseases, the balance will be broken, and the differentiation of BMSCs into one aspect of osteogenesis or adduction will be enhanced, while differentiation into the other direction will be weakened 42) . The results of this study showed that BMSCs were imbalanced in osteogenic or adipogenic differentiation in PMOP, the ability of osteogenic differentiation was diminished, and the ability of adipogenic differentiation was enhanced, which manifested as bone loss and accumulation of adipocytes in medullary cavity, and the number of adipocytes increased with the prolongation of the course of disease. Therefore, promoting the differentiation of BMSCs into osteoblasts is of great significance for the treatment of PMOP.
Our results showed that areas sensitive to bone mass change in ovariectomized rats are load-bearing bones-the proximal tibia and distal femur. Trabecula loss is most significant in non-weight-bearing areas and there is a positive correlation between the degree of trabecula loss and lipid accumulation in the medullary cavity, making such areas optimal for osteoporosis research on postmenopausal rats.
